, two-step 10,13 or multistep growth processes
.
Chemical vapour deposition can produce high quality transitionmetal dichalcogenide (TMD) monolayers and heterostructures [9] [10] [11] [12] [13] . The one-pot synthesis strategy involves using a single solid source, composed of MoX 2 and WX 2 powders placed within the same boat at high temperatures. Implementing this strategy for the fabrication of TMD-based heterostructures requires regulating the relative amounts of precursors in the gaseous phase through controlled vaporization from the solid sources, and/or promoting the selective deposition of individual compounds onto the substrate held at lower temperatures. In general, MX 2 compounds (where M = W, Mo and X = S, Se) have high dissociation temperatures. However, the presence of water vapour at high temperatures promotes the formation of highly volatile species, including metal oxides and hydroxides 16, 17, 19, 20 . Using a one-pot strategy (Extended Data Fig. 1 ), we found that the selective growth of each TMD can be controlled independently, solely by switching the carrier gas (Extended Data Figs 2, 3): N 2 + H 2 O (g) promotes the growth of MoX 2 , whereas switching to Ar + H 2 (5%) stops the growth of MoX 2 and promotes the growth of WX 2 . When the carrier gas is cyclically switched back and forth, heterostructures consisting of a sequence of multi-junctions can be synthesized continuously ( Fig. 1 and Extended Data Fig. 4 ). The growth mechanism can be summarized as follows (see Methods and Extended Data Fig. 5 for a detailed discussion): N 2 + H 2 O (g) (without H 2 ) favours the evaporation of both the molybdenum and the tungsten precursors (oxides and hydroxides), but because gaseous tungsten precursors are mainly hydroxides-which are volatile at temperatures above 500 °C (ref. 17 )-only molybdenum precursors are deposited on the substrate. A sudden switch of the carrier gas to Ar + H 2 depletes the supply of molybdenum precursors, while supplying tungsten precursors owing to the slower reduction rate of WO x . This vapour-phase modulation of the oxide species is the key driving force for the sequential growth of lateral heterojunctions. (Fig. 1a) , are among the longest reported so far 10 . Spatially resolved Raman and micro-photoluminescence spectroscopies confirmed the sequential distribution of the chemical composition as well as the local optical properties within the heterostructures. Raman spectra (Fig. 1e) collected from regions 1 and 3 (Fig. 1a, inset ) in the heterostructure exhibit the A 1g phonon mode (240 cm −1 ) and the E 2g 2 (M) shear mode (shoulder at 249 cm −1 ), corresponding to monolayer MoSe 2 , whereas regions 2 and 4 display the A 1g (250 cm −1 ) and the 2LA(M) (260 cm −1 ) phonon modes of monolayer WSe 2 (refs 12, 21) . Raman intensity maps at 240 cm −1 and 250 cm −1 further corroborated the spatial distribution of the MoSe 2 and WSe 2 domains, respectively (Extended Data Fig. 3c-f ). The photoluminescence spectra (Fig. 1f) show a strong excitonic single peak at around 1.52 eV for MoSe 2 (regions 1 and 3) and 1.6 eV for WSe 2 (regions 2 and 4) 12 .
The integrated photoluminescence intensity maps (Fig. 1g ) and the corresponding composite map (Fig. 1h ) of the heterostructures reveal the alternate formation of concentric triangular domains of MoSe 2 and WSe 2 monolayers (Extended Data Fig. 4a , c-e). The contour plots of the normalized photoluminescence intensity as a function of the position across three-junction ( Fig. 1i ) and five-junction (Fig. 1j) heterostructures clearly show the evolution of the distinct excitonic transitions within each domain. Across the first junction (marked 1), the MoSe 2 photoluminescence peak at 1.53 eV gradually shifts to higher energies until it reaches 1.60 eV, corresponding to the WSe 2 domain-a total shift of 70 meV. At the second and third junctions there is an abrupt change in the position of the photoluminescence peak, suggesting the formation of sharper interfaces with less alloying. At these sharp interfaces, the photoluminescence spectra are characterized by an overlap of both peaks; this is due to the submicrometre laser spot size in the confocal microscope simultaneously probing both sides of the interface. Although junctions 2 and 3 are both sharper than junction 1, it is worth noting that junction 3 is not as sharp as junction 2; this behaviour has been consistently observed in all samples. It indicates that a transition from a MoSe 2 to a WSe 2 domain results in a less abrupt, slightly 'smoother' interface between the two materials, whereas the transition from a WSe 2 to a MoSe 2 domain produces atomically sharp interfaces. This was verified by atomic-resolution Z-contrast imaging using high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) (Fig. 1k-o) , which provides insight into both the crystalline quality and the chemical distribution at heterojunctions at a high spatial resolution. The atoms in monolayer MoSe 2 ( Fig. 1k) and WSe 2 ( Fig. 1l) have a hexagonal arrangement ( honeycomb-like) with D 3h symmetry. The atomic positions of both Mo and Se 2 yield a similar intensity of scattered electrons, whereas the W sites display twice that intensity (Fig. 1q) 
12
. Figure 1k , l shows pure MoSe 2 and WSe 2 regions, respectively, within the same heterostructure, confirming that the evaporation-deposition process is very selective even though both solid precursors (MSe 2 and WSe 2 ) are present in the heterogeneous source. Consistent with the photoluminescence observations, two types of interface were identified: MoSe 2 → WSe 2 interfaces (Fig. 1m) , which display a smooth, less abrupt chemical transition with some degree of alloy formation, and WSe 2 → MoSe 2 interfaces, which are atomically sharp (Fig. 1n) .
The different interfaces are a consequence of the different oxidation and reduction rates of molybdenum and tungsten compounds 22 as well as the gas switching mechanism. When the carrier gas switches from H 2 O to H 2 , the residual metal oxide content depletes rapidly. Because the complete replacement of H 2 O to H 2 is not possible in the present experimental setup, this results in a small amount of co-deposition of Mo in the WX 2 domain, hence forming a smooth interface (MoX 2 → WX 2 ). Under H 2 flow, while the WX 2 domain continues to grow, the molybdenum oxide(s) are converted completely to metallic molybdenum over the MoX 2 source. When the conditions are reversed-switching from H 2 to H 2 O vapour again-the low-index W sub-oxides begin to form high-index W sub-oxides, as indicated by the slow weightloss rate of the tungsten oxide precursor in H 2 O (Extended Data Fig. 5c, d) . Meanwhile, H 2 O restores the initial oxidation step from metallic molybdenum-formed over MoX 2 during interaction with H 2 gas-to MoO 2 , which is relatively slower than the direct oxidation of the MoX 2 source. This might lead to a delayed supply of MoO 2 vapour to the already present WX 2 edge-site, and hence result in a sharp transition from the WX 2 to the MoX 2 domain. Further optimization of the gas switching process could lead to the generation of sharp interfaces only. We further extended the use of the one-pot approach to produce sequential lateral heterostructures of sulfide monolayers (MoS 2 -WS 2 ) (Extended Data Figs 6, 7) . Figure 2a shows the optical image of a three-junction heterostructure (MoS 2 -WS 2 -MoS 2 -WS 2 ). Its corresponding scanning electron microscopy (SEM) image (Fig. 2b ) reveals the coexistence of alternating MoS 2 (dark contrast) and WS 2 (bright contrast) domains. The Raman spectra acquired at different positions (Fig. 2c) , as well as the Raman maps (Fig. 2f) ) and second-order (most intense at 350 cm −1 (2LA(M)) Raman peaks 24 . At the interfaces (1-2, 2-3 and 3-4), the Raman spectra are mostly composed of a superposition of the vibrational modes of both MoS 2 and WS 2 domains (Supplementary Table 1 ). Single photoluminescence peaks associated with direct excitonic emissions from mono layers were observed for MoS 2 (1.84 eV) and WS 2 (1.97 eV) domains (Fig. 2d) . The corresponding photoluminescence intensity maps at 1.84 eV (Fig. 2g ), 1.97 eV (Fig. 2h ) and composite image (Fig. 2i) show that, within each domain, the photoluminescence emission is homogeneous. The photoluminescence line scan across the junctions (Fig. 2e ) also displays the modulation of the optical bandgap along the heterostructure with sharp discontinuities at the junctions. At the interfaces, the photoluminescence spectra show the superposition of two well-resolved peaks corresponding to the simultaneous excitation of MoS 2 and WS 2 domains. For the MoS 2 → WS 2 interfaces 1-2 and 3-4, and around the MoS 2 domain, these photoluminescence peak positions are slightly blue-shifted by 25 meV and by 10 meV, respectively. Photoluminescence shifts were not observed at the WS 2 → MoS 2 interface (2-3), which is consistent with the results obtained for selenide-based junctions. Z-contrast images from the inner regions of each domain (Fig. 2l, m) confirm the high purity of the individual MoS 2 and WS 2 domains. The high quality and single-crystalline nature of these interfaces produced by lateral epitaxy was also verified by electron diffraction (Fig. 2j ) and Z-contrast STEM imaging ( Fig. 2k-o) .
The morphology of the sulfide-based heterostructures involves MoS 2 cores with a truncated triangular geometry containing two types of zig-zag edge: metal-terminated (Mo-zz) and chalcogen-terminated (S-zz). The WS 2 domains grow preferentially along one of these MoS 2 edges, leading to WS 2 sections with a convex isosceles trapezoid shape. The consecutive MoS 2 growth follows the same pattern. The shape of the two-dimensional TMD crystal is determined by the relative growth rates of the different edges. Experimental 25 and theoretical 26 studies have shown that edge stability in MX 2 TMDs depends on the gas environment, the M:X atomic ratio and the growth temperature. A chalcogen-deficient environment promotes the formation of M-zz edges, while chalcogen-rich environments favour the stability of the X-zz edges. The distinct geometries observed in selenide-and sulfidebased heterostructures could originate from the different vaporization rates of selenium and sulfur, as well as the stability of the supply of the chalcogen atom during growth. This hypothesis is discussed in more detail in Methods. TMD ternary alloys have received increasing attention owing to their composition dependent electronic properties and their potential to further expand the range of available two-dimensional materials beyond the four primary binary compounds (MoS 2 , MoSe 2 , WS 2 and WSe 2 ) (refs 27, 28). However, integrating different ternary alloys into a single crystal heterostructure has not yet been achieved. The versatility of the one-pot approach allowed us to fabricate sequential multijunction heterostructures based on ternary alloys (MoS 2(1−x) Se 2x -WS 2(1−x) Se 2x ). To this effect, solid sources containing combinations of either MoSe 2 + WS 2 or MoS 2 + WSe 2 were used. (Fig. 3e) shows that the position of the photoluminescence peak for each domain remains constant, with sharp discontinuities at the interfaces. TEM analysis confirms that the individual domains are ternary alloys of MoS 2(1−x) Se 2 or WS 2(1−x) Se 2 . Figure 3f shows a Z-contrast TEM image from a WS 2(1−x) Se 2x domain. The differences in scattered electron intensities (Fig. 3g ) associated with the metal sites (tungsten in this case) and with three distinct combinations of the chalcogen atoms (S 2 , Se 2 or SSe) were used to identify the elemental configurations at the different atomic positions within the crystal 28 ( Fig. 3h ). The concentration (x) at each domain was calculated from the measured photo luminescence peak positions according to Vegard's law
; where M = Mo or W and considering bandgap bowing parameters of b = 0.05 (Fig. 4a) . We find that the WSe 2 and WS 2 domains show a hole-doped-like response when contacted with gold on titanium, which is attributable to the Fermi level pinning close to their valence bands 30 ( Fig. 4b, e) . By contrast, the MoSe 2 and MoS 2 domains display a pronounced, electron-doped-like response given that gold on titanium is expected to pin the Fermi level closer to their conduction bands. Equally important is the fact that the current-voltage characteristics of, for example, the individual MoSe 2 and WSe 2 domains, display a nearly linear response (Fig. 4b, inset) . This indicates that thermionic emission processes promote passage of the charge carriers across the misaligned bands of the semiconducting channel relative to those of the metallic contacts, or the Schottky barriers. That is, any nonlinearity observed for currents flowing across the MoSe 2 -WSe 2 junction (Fig. 4c ) cannot be attributed to these Schottky barriers. In fact, the current-voltage characteristics across the junction display a typical rectification or diodelike response, indicating the formation of a well-defined p-n junction. Additionally, as expected for a diode, illumination of the junction area leads to pronounced photoinduced currents (Fig. 4c, d ). Figure 4e , f indicates that the MoS 2 -WS 2 junctions show a similar overall response when compared to the MoSe 2 -WSe 2 junctions; that is, a clear diode-like response or a well-defined p-n junction, although for this particular sample the current-voltage characteristics display a more pronounced nonlinearity. All domains show ON/OFF current ratios between 10 5 and 10 6 with relatively modest threshold gate voltages, that is inferior V bg = 10 V when the I ds as a function of V bg is plotted in a logarithmic scale. This behaviour is comparable to that of samples fabricated from exfoliated single crystals, suggesting similar crystallinity.
The synthetic method developed here follows a different approach from previous methods, and is versatile and scalable. The continuous assembly of planar multi-junctions by a controlled sequential edgeepitaxy may allow for the realization of periodic one-dimensional quantum wells and planar superlattices. The controlled and sequential integration of alloy-based two-dimensional materials with tuned optical properties is another step forward, which could widen the range of possible material combinations for the design of spectralselective two-dimensional heterogeneous materials for optoelectronic applications.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 150 mg) ). For the growth of MoX 2 -WX 2 (where X = S, Se), powder sources containing MoX 2 and WX 2 in a ratio of 2:1 were placed side-by-side within an alumina boat (L × W × H: 70 × 14 × 10 mm) in the centre of a 1-inch diameter horizontal quartz tube furnace. Si substrates, with a 300 nm SiO 2 layer, were pre-cleaned with acetone, isopropanol and deionized water. During the growth, the substrates were placed downstream at temperatures between 810 and 700 °C, 6-10 cm away from the solid sources at 1,060 °C. Initially, the temperature of the furnace was slowly raised to 1,060 °C over 50 min with a constant flow of N 2 (200 standard cubic centimetres per minute, s.c.c.m.) and both substrates and sources were kept outside the furnace. When the temperature of the furnace reached greater than 1,040 °C, the solid precursor and the substrates were moved to their respective positions, by sliding the quartz tube into the furnace, and simultaneously water vapour was introduced in a controlled manner by diverting N 2 flow through a bubbler (Sigma-Aldrich) containing 2 ml of deionized water at room temperature. In order to switch the growth from Mo-rich to W-rich compounds, resulting in a lateral heterostructure, the N 2 + H 2 O vapour flux was rapidly replaced by a mixture of Ar + 5% H 2 (200 s.c.c.m.). Similar growth conditions were employed for the growth of heterostructures with other compositions. Once the desired heterostructure sequence was completed, the synthesis process was abruptly terminated by sliding the quartz tube containing both the precursor and substrates to a cooler zone, while keeping a 200 s.c.c.m. constant flow of Ar + H 2 (5%) until it cooled to room temperature. Raman and photoluminescence spectroscopy. The Raman and photoluminescence experiments were performed in a confocal microscope-based Raman spectrometer (LabRAM HR Evolution, Horiba Scientific) in backscattering geometry. Excitation wavelengths of 532 nm and 632 nm (laser power at the sample, 77 μ W), focused with a 100× objective (numerical aperture 0.9, working distance 0.21 mm). During the photoluminescence and Raman mapping the optical path is stationary, while moving the sample on a computer controlled motorized XY stage. Transmission electron microscopy. HAADF-STEM imaging was carried out on an aberration-corrected JEOL JEM-ARM200cF with a cold-field emission gun at 200 kV. The STEM resolution of the microscope is 0.78 Å. The HAADF-STEM images were collected with the JEOL HAADF detector using the following experimental conditions: probe size 7c, condenser lens aperture 30 μ m, scan speed 32 μ s per pixel, and camera length 8 cm, which corresponds to a probe convergence angle of 21 mrad and inner collection angle of 76 mrad. Device fabrication. To fabricate the electrical contacts to individual layers within MoX 2 and WX 2 domains, 80 nm of gold were deposited onto an 8 nm thick layer of titanium via e-beam evaporation. Contacts were patterned using standard e-beam lithography techniques. After gold deposition, and in order to extract adsorbates, the samples were annealed under high vacuum for 24 h at 120 °C. In the case of WSe 2 -MoSe 2 heterojunctions, before deposition, approximately 30 nm of hexagonal boron nitride crystals (Momentive PolarTherm PT110) were mechanically exfoliated from larger crystals, and transferred onto the heterostructure using a similar technique to that described in ref. 8 . Electrical characterization. Electrical characterization experiments were performed using a source meter (Keithley 2612 A). The sourcemeter was controlled via Labtracer2, free software available at https://www.tek.com/source-measureunits/2400-c-software/labtracer-28-unsupported. For photocurrent measurements, a Coherent Sapphire 532-150 CW CDRH and Thorlabs DLS146-101S were used, with a continuous wavelength λ of 532 nm. Light was transmitted to the sample through a 10-μ m single-mode optical-fibre with a mode field diameter of 10 μ m. The size of the laser spot was also measured against a fine grid. An I 0 value of the order of 10 −12 A yields diode ideality factors ranging from approximately 3.2 to 4.5, while yielding reasonable values for the shunt resistance R s , that is between approximately 2.5 and 4.5 MΩ . We find that good fits are obtained when I 0 is allowed to decrease to values below the noise floor of the measurements, approaching at least 10 −15 A. This uncertainty in the value of I 0 has no effect on the values of f or R s . The diode-like electrical responses were fitted using the Shockley diode equation in the presence of a series resistor R s (ref. Growth mechanism. A preliminary study was performed to evaluate the interaction mechanism between water vapour and MoX 2 as well as WX 2 bulk powders. By allowing the solid precursor to interact with water vapour at 1,060 °C for a prolonged time (at least 20-30 min), it was found that different Mo (or W) oxide phases evolve, which are assumed to be the main driving force behind the selective growth of the individual compounds. It can be seen clearly from the Raman spectra (Extended Data Fig. 5a) 3 , which tends to be a stable phase under various reactive gas environments 33 . Indeed, in our experiments, the overall oxidation reaction between MoX 2 and water at 1,060 °C led to the formation of MoO 2 (reaction (1)). Furthermore, it was found that the weight loss of Mo-oxides is very rapid in the presence H 2 O vapour (Extended Data Fig. 5c ). Taking this into account, presumably, the sublimation of MoO 2 proceeds very rapidly at a temperature of 1,060 °C, and subsequently the vapour is transported and saturated on the desired substrate at relatively lower temperatures 34 . The recondensed MoO 2 vapour interacts with the H 2 X already present (as a by-product of oxidation) to form MoX 2 at temperatures ranging from 650 to 800 °C (reaction (2)) 34, 35 . This leads to the formation of MoX 2 domains. Notably, the growth of MoX 2 can be abruptly terminated by changing the carrier gas from wet nitrogen to dry argon with 5% hydrogen, which rapidly depletes the source of MoO 2 vapours owing to its reduction by hydrogen to metallic molybdenum at the surface of the source (reaction (3)). Unfortunately, the detection of the exact transport phases was not possible because of constrained access to the reaction tube of the chemical vapour deposition system under the conditions used for the growth of the TMD heterostructures. Therefore, only the most important reaction equations were derived: 
By contrast, WX 2 has different oxidation and reduction behaviour (Extended Data Fig. 5c, d) under the above conditions, in which different W x O y oxide phases are observed in the Raman spectra (Extended Data Fig. 5b ) and Supplementary Table 2. In the case of WSe 2 , distinct oxide phases evolved upon reaction with different reactive gas vapours for more than 20 min at 1,060 °C, as shown in Extended Data Fig. 5b [36] [37] [38] . The dominant phases observed in the Raman spectra are WO 2 (refs 36, 38, 39) and W 20 O 58 (ref. 37) . This indicates that the oxidation state of W is dominated by that within WO 2 and W 20 O 58 during the oxidation reaction of WX 2 in wet nitrogen carrier gas by a series of reaction steps (reactions (4)- (7)): 
The formation of any volatile WO 3 ·(H 2 O) or similar tungstate species in N 2 + H 2 O vapour cannot be ruled out, however these species mostly condense below 500 °C 40 and hence might not be participating in the growth process. Similarly, in the presence of the reducing agent H 2 , the high-index W sub-oxides undergo a series of phase transformations to low-index oxide phases (reactions (8)-(10)) 34, 41 : 
The different (WO 3 ) n(g) species can be formed alongside the reduction process, and subsequently transported as vapour to the growth substrate (reaction (11)); the reaction of WO 2 is shown as reaction (12):
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Reactions (8)- (10) and (11)- (12) 42 and WO 2 (chocolate brown) (Extended Data Fig. 5e-l) .
There are important differences in the behaviour of molybdenum and tungsten-based compounds in the presence of water vapour 22 . Firstly, the oxide products of tungsten are relatively less volatile than those of the corresponding molybdenum compounds. In addition, the high-index W sub-oxides (W 20 O 58 ) are less volatile and less readily oxidized to WO 3 . This vapour-phase modulation of the oxide species is the key driving force for the observed sequential growth of lateral heterostructures. Thus, the growth mechanism can be summarized as follows. The selective growth of MoX 2 or WX 2 monolayers can be achieved simply by controlling the carrier gas environment. N 2 + H 2 O vapour (without H 2 ) favours the evaporation of both molybdenum and tungsten precursors, but only molybdenum precursors are deposited on the substrate. An abrupt switch of the carrier gas to Ar + H 2 quickly depletes the supply of molybdenum precursors, while continuing to supply tungsten precursors owing to the slower reduction rate of WO x . A more detailed chemical analysis, including the type of gaseous by-products, in conjunction with theoretical models is ongoing.
In order to further understand the role of molybdenum or tungsten oxides during the switching of one material domain to the other (such as MoX 2 to WX 2 ), and the extent of material diffusion across the interface while changing the carrier gas from N 2 + H 2 O to Ar + H 2 for heterostructure fabrication, the oxidation induced evaporation and the rapid reduction behaviour of different solid sources, including MoO 3 and WO 3 , were evaluated independently at 1,060 °C (Extended Data  Fig. 5c, d) . Case 1, in the presence of H 2 O. It can be seen from Extended Data Fig. 5c that sublimation of MoO 3 is almost instantaneous (97% weight loss in 2 min). By contrast, the sublimation of WO 3 is very slow (approximately 2% weight loss in 2 min) and is linear. This is further supported by the observation that the weight loss of MoSe 2 is around three times higher than that of WSe 2 for a 10-min interaction with H 2 O, which is otherwise linear. This shows that, in the presence of H 2 O, the Mo-oxide vapours dominate over W-oxide vapours in the reaction zone. It can be concluded that, in the presence of water vapour, oxide products of tungsten are relatively less volatile than the corresponding molybdenum compounds. In fact, the slower oxidation of tungsten compounds might aid the formation of tungsten oxide hydroxide (WO 3 ·xH 2 O) species, which generally condense below 500 °C. Table 3) 43 . A weight loss of around 75% was observed in 10 min. In a similar time frame, however, WO 3 undergoes a linear transformation to different sub-oxide phases via Table 3 ). A maximum weight loss of 8.5% was observed in 10 min, which is almost 9 times slower than the reduction process of MoO 3 . It indicates that, during the switching of H 2 O to H 2 carrier gas, the residual MoO 2 reduces instantaneously; however, the supply of W sub-oxides is maintained. In addition, the leaching of W sub-oxides by H 2 is more rapid than their rate of reduction to lower W suboxides, thus contributing to the growth of the WSe 2 domain.
From the above observation, it can be concluded that H 2 O vapour favours the growth of the MoSe 2 domain because the population of molybdenum oxides dominates the reaction chamber. The rapid reduction of MoO 3 indicates (Extended Data Fig. 5d) The compositional and spatial distribution of (S-Se) alloy in the MoS 2(1−x) Se 2x -WS 2(1−x) Se 2x lateral heterostructures were examined using Raman measurements (Fig. 3a, b and Extended Data Figs 8, 10) . The normalized Raman spectra in Extended Data Fig. 8c indicate that the MoX 2 -and WX 2 -related Raman branches are well separated, and mostly consist of several intense peaks in the range of 100 to 500 cm −1 . The intense Raman peaks (Extended Data Fig. 8c ) observed within domains 1 and 3 (Extended Data Fig. 8a ) are related to an alloy phase of MoS 2(1−x) Se 2x (refs 28, 44) . In general, A 1g and E 2g modes in monolayer MoS 2(1−x) Se 2x show typical two-mode behaviour and do not imply phase segregation 44 . Splitting of the A 1g mode has also been observed, which is attributed mainly to the mass difference between Se and S as well as their spatial configuration around Mo atoms 44 . Hence, the observed Raman spectra (Extended Data Fig. 8c , and E 2g shifts from 385 to 370 cm
, confirm the presence of Se incorporation in the lattice site of S (ref. 45) . Similarly, the normalized Raman spectra corresponding to domains 2 and 4 (Extended Data Fig. 8a ) display several phonon modes typical of a WSe 2x S 2(1−x) alloy, which can be assigned to modes A 1g(Se-W) (256-259 cm ), which might be attributed to the weak coupling between the very weak E 2g(Se-W) mode and the strong E 2g(S-W) mode 27 . This has been further confirmed by Raman intensity mapping as shown in the composite image (individual component maps in Extended Data Fig. 8h-k) . Even though the A 1g(S-W) and A 1g(S-Mo) peaks differ by only around 4 cm )). Similarly, Raman spectra collected from domains 2 and 4 display several modes that correspond to a typical WS 2(1−x) Se 2x alloy, and can be assigned to modes A 1g(S-W) (211-213 cm −1 ), A 1g(Se-W) (263 cm , whereas the corresponding large shift of the A 1g(Se-W) mode is due to the occurrence of uniform S/Se alloying in these heterostructures. This is supported by the distinct photoluminescence spectra (Extended Data Fig. 10c, d ) collected from the MoSe 2(1−x) S 2x and WS 2(1−x) Se 2x domains. The individual Raman and photoluminescence maps further confirm the seamless connectivity as well as uniformity in the distribution of S/Se alloy within the triangular domains (Extended Data Fig. 10) . Data availability. The datasets generated and/or analysed in the current study are available from the corresponding authors upon reasonable request, and are also included with the manuscript as Extended Data and Supplementary Information.
